ABSTRACT
Introduction
The increasing energy demand and environmental concerns have led to renewed interest in recent years because of the rapid development of economy and industry.
the stability of relevant components of perovskite materials, either during the material preparation or device operation. For example, as shown in the eq 1-3, MAPbI3 is very sensitive to water [38] 
There always exists a reaction of eq 1 if the CH3NH3PbI3 film contacts with humid air. When there is CH3NH3I in the perovskite film, a reaction of eq 2 always exists. When reacting with oxygen, HI is decomposed into I2 and H2O. The reduction of HI can facilitate the reaction of eq 2 towards the right, resulting in further decomposition of CH3NH3I. As a result, it will further facilitate decomposition of CH3NH3PbI3 as in eq 1. How to suppress or eliminate these reactions is the key for achieving stabled PSCs.
FAPbI3 has a bandgap of 1.48 eV, which is smaller than that of MAPbI3 [25] . This reduced bandgap may result in a broader absorption spectrum. In addition, FAPbI3 has better thermal stability than MAPbI3 due to the stronger internal interactions [39] .
However, pure FAPbI3 is not stable because the black perovskite α-phase was observed to turn into yellow FAPbI3 δ-phase in an ambient humid atmosphere even at room temperature [24] . The incorporation of MAPbBr3 into FAPbI3 can stabilize the perovskite phase of FAPbI3 [25] . But the formation of film dependent on processing conditions in the glove box closely. Meanwhile, the incorporation of MA may affect the thermal stability. The addition of Cs can not only inhibit the formation of yellow phase in MA / FA perovskite, but also contribute to the temperature stability and reduce the environmental requirements of the film formation [16] . [40, 41] . Partial replacement of MA cation with slightly larger FA cation can increase the PCE of PSCs, but the stability of the devices will be reduced ( Figure S4(b) ). Goldschmidt tolerance factor (t)
can predict stable crystal structures of perovskite materials, which can be calculated from the ionic radius of the atoms [42] . Non-perovskite structure is formed when the tolerance factor is higher than 1 or lower than 0.71. In the ABX3 structure, if the size of A-ion decreases, or the size of B-ion increases, the t decreases [43] . A t value between 0.8 and 1.0 is favorable for a stable perovskite structure [44] . The higher JSC of triple cation perovskite film is related to the higher light absorption.
In Figure 2 (b), we depict the UV-visible absorption spectra of the two types of perovskite films. As is seen from the figure, the absorption intensity of the triple cation perovskite film is higher than that of the MA cation perovskite film. This may be related to a higher thickness of the triple cation perovskite film which can be seen in the Figure 1 (c) and 1(d). It is worth noting that the thicknesses of the two films have already been optimized to obtain the optimum device performance.
To discern the charge transport characteristics of PSCs, electrochemical impedance spectroscopy (EIS) analysis was conducted. Besides a high PCE, another major concern is whether PSCs are durable in practical applications. We investigated solar cells under constant humidity of 25%-35% in dark condition (T=25 °C) without encapsulation (the devices were exposed directly to the ambient environment, without any cover). To ensure the result accuracy, eight devices were tested for each kind of samples. As is seen in Figure 3 [28] . For the perovskite phases, either the α and β types, the sum of the energetic and mixing entropy contributions to the free energy is favorable, resulting in a stabilization of the mixed phases. The δ→α or β transition temperature is reduced by ~200-300 K when going from the pure FAPbI3 to the mixed CsxFA1xPbI3 system.
Reliability is the ability of a system or device to perform work under certain conditions within a certain amount of time [46] . So the reliability can be evaluated by defining the function of the system or device. For PSCs, the function can be set to photoelectric power conversion. The normalized conversion efficiency we set is relative to the initial efficiency. If the cell efficiency is greater than the prefined value(Plimit, here it can be set to 70% of the initial efficiency) in a given time t, it is considered to be operational, otherwise it is considered to be failed. The PCE of the solar cells is normalized to its initial value.
For a large number of devices, efficiency is subject to normal distribution. The power probability density function can be written as:
Where P(t) is the PCE of PSCs, μ(t) is its average value and σ(t) is standard deviation [29] . Both μ(t) and σ(t) can be obtained experimentally. The average PCE, μ(t), generally decreases exponentially, and thus can be described as
The parameters in the equation were fitted by the nonlinear least squares method, as shown in Table 3 . The experimental points and the fitting curve are shown in Figure 4 .
The standard deviation σ(t) increases linearly with time, and it would be described as
σ0=0 because σ0 is the standard deviation of the μ(t) at t= 0. The parameter B was fitted by the least squares method, as shown in Table 3 . The experimental points and the fitting curve are shown in Figure 4 The reliability R(t) is a function of time. The reliability can give a probability that the PCE of the device in all the number of PSCs is higher than the predetermined PCE (Plimit) after a certain period of time. So R(t) can be calculated by the power probability density function, as follows:
where Φ is the cumulative probability function for the Gaussian distribution [46] .
The accumulated operation time extrapolated at room temperature and the cell failures can be statistically described by the Weibull distribution. At a given time, if PCE is lower than Plimit, the solar cell is considered to be failed. In this test, failure of a single solar cell was defined as a power loss of 30% or more with respect to the initial value. In this case the reliability as a function of time is expressed by eq 8, where β is the shape parameter and η is the scale factor of the Weibull distribution.
The reliability data is obtained by using the method above. In this study, β and η are obtained by the fitting the failure probability curves. From the values of β and η, the MTTF can be estimated with eq 9, where Г is Euler's Gamma function [47] , as shown in Table 4 . There is a big difference in the calculated value of the MTTF for PSCs based on triple cation and that based on MA cation. The MTTF is 4425.8 h for PSCs based on triple cation and 516 h for that based on MA cation, thus demonstrating a >8-fold enhancement of the cell lifetime. If Plimit is 0.8P0 or 0.9P0, the MTTF is 1704.9 h and 293.3 h respectively for PSCs based on triple cation, and it is only 238.1 h and 93.6 h for PSCs based on MA cation, as shown in Table 4 . In Figure 3 Table 4 . The MTTF and the corresponding parameters of the devices in high humidity environment are shown in Table 5 .
In the application of solar cells, the temperature of device will rise under the light conditions. Therefore, we need to detect the PCE stability of the device under heating conditions. According to other group's study, 56 °C is the transition temperature of
MAPbI3 from tetragonal to cubic crystal [48] . In general, the standard temperature for thermal stability testing of commercial applications for solar cells is 85 °C [49] . We tested the normalized PCE changes of two different kinds of devices under heating conditions at 85 °C as a function of time, as shown in Figure 3 (e). After a period of time, the color of devices based on MA cation perovskite began to change from the dark brown to yellow. This change in color is related to the generation of PbI2 which is related to the decomposition of MAPbI3 [50] . As shown in the figure, the PCE of the device based on MA cation has decreased dramatically to 20% of the original PCE after heating at 85 °C for 200 min, but the PCE of the device based on triple cation perovskite has maintained almost 80% of the original PCE. Similar to the reliability analysis for PSCs tested under high humidity, the MTTF of the PSCs tested at 85 °C is calculated and shown in Table 6 . There is also a big difference in the most likely value of the MTTF for PSCs based on triple cation and that based on MA cation. The MTTF is 1682.7 min for PSCs based on triple cation and only 57.4 min for that based on MA cation, when Plimit=0.7P0. The MTTF is also listed in the Table 6 if Plimit is 0.8P0 or 0.9P0. The estimated reliability functions are shown in Figure 3 (f), which use the Weibull parameters listed in Table 6 . Experiments show that the triple cation In order to further analyze the oxygen and moisture stability, we show X-ray diffraction (XRD) patterns of the two types of perovskite films in Figure 6 (a). All as-prepared films exhibit an obvious perovskite peak at 14.2° in the XRD patterns of both MA cation perovskite film and triple cation perovskite film. However, in the XRD patterns of the samples placed under constant humidity of 25%-35% in dark condition (T=25 °C) for 4 days, we can clearly note a new diffraction peak at 12.7°
for MA cation perovskite film, corresponding to the (001) diffraction peak of cubic PbI2 which is often observed as the final product from degraded lead iodide based perovskites [51] . There is no obvious change in the triple cation perovskite film, suggesting the addition of FA and Cs increases the moisture stability of the perovskite material [52, 53] . In order to further analyze the temperature stability, we heat the two types of perovskite films at 130 °C for 3 hours. The XRD patterns of perovskite films before and after the thermal treatment are shown in Figure 6 (b). This heating process results in rapid degradation of MAPbI3, which was characterized by a change in color from dark brown to yellow. We can clearly find that the MA cation perovskite material decomposed and generated PbI2 after heating for 3 hours, leading to a distinct change in perovskite diffraction peak. However, the color of triple cation materials did not obviously change after heating for 3 hours and the peak value of perovskite diffraction did not change much for the same heating time.
After storing the materials in dark environment with constant humidity of 25%-35% and constant temperature (T=25 °C) for 20 days, we can clearly find that the absorption of the two materials in the UV-visible range is very different ( Figure   6 (c) and 6(d)). The difference locates mainly in the range of 550-750 nm. In Figure   S3 (a), we depict the normalized absorption variation with time at 630 nm. Due to the decomposition of CH3NH3PbI3, the absorption in the UV-visible range is reduced. The triple cation perovskite film shows excellent humidity stability, and no obvious absorption change can be observed. We characterize the thermal stability of the two types of materials further by assessing their absorption. In Figure 6 (e) and 6(f), we depict the UV-visible absorption spectra of MA cation perovskite and triple cation perovskite films before and after being kept at 130 °C for 300 min in dry air. It is evident that the perovskite film based on MA cation begins to bleach after the aggressive thermal stress test, which is confirmed by the reduced absorption 
Conclusion
In summary, highly efficient triple cation PSCs were successfully fabricated by the combinations of three kinds of cations (CH3NH3 + , CH3(NH2)2 + , Cs + ). By using MTTF method, we systematically investigated the reliability of both the triple cation PSCs and MA cation PSCs under constant humidity and high temperature condition.
Detailed reliability analysis revealed that significant lifetime enhancement can be achieved for cesium-containing tri-cation perovskite solar cells operating at both high humidity and high temperature conditions. In addition, the maximum PCE of triple cation PSCs is achieved 18.2%, and that of devices based on MA cation is only 16.2%.
The average efficiency of triple cation PSCs reached 16.84%, and that of devices based on MA cation is only 14.0%. 
